Semelparity has been demonstrated in males of several species of Australian dasyurid marsupials. Although semelparity also has been reported in some species of neotropical didelphid marsupials, no study has conclusively demonstrated its occurrence based on survival rate estimates from field studies of marked individuals. In this study, we demonstrate that the survival rates of males of a Neotropical didelphid marsupial, the Brazilian gracile mouse opossum (Gracilinanus microtarsus), decrease sharply after the beginning of the breeding season in a cerrado remnant. However, mortality of the males after mating is not complete and a small percentage of them may survive to breed again in a 2nd breeding season. Examination of the demographic data presented here conclusively demonstrates that G. microtarsus is best described as partially semelparous.
Semelparity, as defined by Cole (1954) , is the condition in which reproduction occurs only once in a lifetime followed by death and leads to discrete, nonoverlapping generations. Semelparity has evolved independently many times and is common in plants and invertebrates, but is infrequent among vertebrates (Crespi and Teo 2002; Lesica and Young 2005; Stearns 1992 ). Among mammals, semelparity is rare and has been conclusively demonstrated on the basis of survival rate estimates from field studies of marked individuals and direct observations in several species of Australian dasyurid marsupials of the genera Antechinus and Phascogale (Bradley 1997 (Bradley , 2003 Braithwaite and Lee 1979; Cockburn 1997; Krajewski et al. 2000; Wood 1970 ). In these species, there is complete mortality of males after mating, whereas females survive to reproduce in a 2nd or even 3rd breeding season (Bradley 1997; Wood 1970) .
Although the complete mortality of males after mating is obligatory in certain species of Antechinus and Phascogale, detailed studies of other dasyurid species have produced evidence for spatiotemporal diversity and plasticity in male postmating survival. For example, in island populations of Parantechinus apicalis (Dickman and Braithwaite 1992; Mills and Bencini 2000) , a small, variable fraction of males in the population can survive to reproduce after the 1st breeding season, with male postmating survival apparently being mediated by varying levels of resource availability (Wolfe et al. 2004) . In yet another species, Dasyurus hallucatus, complete male postmating mortality occurs only in some populations and in some years in the same populations (Dickman and Braithwaite 1992; Oakwood et al. 2001; Schmitt et al. 1989 ). In the cases that mortality of males is not complete, the demographic consequence is that male generations are not discrete but do overlap.
Semelparity has been reported in species of yet another family of marsupials, the Didelphidae, which occurs in the Nearctic and Neotropical regions (e.g., Boonstra 2005; Bradley 2003; Cockburn 1997) . Field studies have shown that in the mainly Nearctic Didelphis virginiana, males survive to breed in 2 mating periods in a single reproductive season so that this species is not semelparous (Woods and Hellgren 2003) . Semelparity also has been reported for 2 Neotropical didelphid species, Monodelphis dimidiata and Marmosa incana, although the evidence is not derived from survival rate estimates but rather from the seasonal distribution of weights of specimens taken in the field (M. dimidiata- Pine et al. 1985) and from age classes of museum specimens (M. incana- Lorini et al. 1994) . Although the seasonal distributions of weights or age classes are useful as a 1st approximation to deduce the condition of semelparity, such an approximation relies on the assumptions that the population under study has converged to a stable age distribution (Caswell 2001) and that specimens of different age classes are all equally trappable, assumptions that do not necessarily hold for field populations (Festa-Bianchet 1989) . From an ecological perspective, semelparity and plasticity in this reproductive strategy are determined primarily by patterns of postmating survival (Schaffer 1974) so that survival rate estimates derived from probabilistic models (Lebreton et al. 1992 ) applied to data from field studies of marked individuals are necessary.
In this paper, we present pre-and postmating survival rate estimates for the Brazilian gracile mouse opossum (Gracilinanus microtarsus), a small (20-45 g), sexually dimorphic in size (females: 20-30 g; males: 30-45 g), short-lived (1-2 years), solitary, arboreal, nocturnal, insectivorous, and seasonally breeding Neotropical didelphid marsupial inhabiting the Atlantic rain forest and the highly seasonal cerrado biomes of southeastern Brazil (Eisenberg and Redford 2000; Emmons and Feer 1997; Gargaglioni et al. 1998, Martins and Bonato 2004; Martins et al. 2006a, b; Passamani 2000; Tubelis 2000) . In the cerrado, individual G. microtarsus reproduce for the 1st time when they are approximately 1 year old and the breeding season starts at the end of the cool, dry season (August-September- Martins et al. 2006b ). Females seem to produce a single litter with 6-14 offspring per breeding season, which are raised and weaned in the 1st half of the warm, wet season (OctoberDecember- Martins et al. 2006b ). Shortly after the beginning of the breeding season, there is a sharp decrease in adult population density (Martins et al., 2006b) , which suggests that adult G. microtarsus experience low survival rates after reproducing. Thus, our objectives were to investigate whether the survival rates of individual G. microtarsus decrease after the beginning of the breeding season and position this species in the continuum from semelparity to iteroparity.
MATERIALS AND METHODS
Study area and data collection.-Our study was done at the Clube Náutico Araraquara (218439S, 488019W), located in Américo Brasiliense, approximately 300 km northwest of São Paulo city in southeastern Brazil. Vegetation at Clube Náutico Araraquara consists of cerrado, which is a tropical savanna occurring over a large area in central South America (Oliveira and Marquis 2002; Silva and Bates 2002) . Cerrado vegetation comprises 5 different vegetation physiognomies, namely, campo limpo, campo sujo, campo cerrado, cerrado sensu stricto, and cerradão (Goodland 1971; Oliveira and Marquis 2002; Silva and Bates 2002) . These vegetation physiognomies differ in the density and composition of plants of the woody layer (trees and large shrubs) and the ground layer (subshrubs and herbs), forming a continuum from open and dry grassland to dense forest (Goodland 1971; Oliveira-Filho and Ratter 2002; Silva and Bates 2002) . At Clube Náutico Araraquara, there are 2 remnants of cerradão (about 73 and 307 ha), the physiognomy characterized by dense semideciduous forest with canopy cover varying from 50% to 90%, trees 8-15 m tall, and much reduced herbaceous vegetation (Goodland 1971; Oliveira-Filho and Ratter 2002; Silva and Bates 2002) . The climate of the region has 2 well-defined seasons, namely, a warm, wet season from October to March and a cool, dry season from April to September (Tolentino 1967) . The mean monthly temperature in the region ranges from 188C to 258C and the total monthly rainfall ranges from 0 to 490 mm.
We , Tallahassee, Florida) was set on trees at each trapping station about 1.75 m above ground and baited with banana, peanut butter, and codliver oil. The individuals captured were marked with a numbered legband and their sex, age cohort, and reproductive condition were recorded. Reproductive condition was recorded only for females because adult male G. microtarsus have the testes permanently in the scrotum. Trapping and handling methods followed the guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) .
Modeling survival and recapture rates.-We used capturerecapture history data of individual G. microtarsus to model survival (/) and recapture (p) rates using program MARK (White and Burnham 1999) . The parametric bootstrap procedure was used to assess the goodness of fit of the global model to the data (Johnson and Omland 2004) . Ten thousand parametric bootstrap replicates were used to estimate the distribution of the deviances obtained by simulating and fitting data from the hypothesized global model. The global model was considered to fit the data adequately if the observed deviance fell within the core of the distribution of the estimated deviance distribution (Johnson and Omland 2004) . A threshold value of P ¼ 0.05 was used.
Model selection was based on the bias-corrected modified variant of the Akaike information criterion (AIC c ), with the most parsimonious model having the lowest AIC c value (Burnham and Anderson 1998) . The model-averaging procedure was used to account for model selection uncertainty in the survival and recapture rate estimates (Buckland et al. 1997; Burnham and Anderson 1998; Johnson and Omland 2004) . With this procedure, unconditional estimates of survival and recapture rates (not conditional to a particular model, but conditional to the full set of candidate models) are obtained averaging the estimates of the models in the set of candidate models by their Akaike weights (w i ). Akaike weights also were used to compute unconditional standard errors (Buckland et al. 1997; Burnham and Anderson 1998; Johnson and Omland 2004) .
To assess whether the survival rates of individual G. microtarsus decreased after the beginning of the breeding season and also whether the postmating survival rates of males and females differed, we constrained the survival (/) and recapture (p) rates to be a function of the following effects (notation within parentheses): no effects (.); sex (sex); period, with the levels of the factor being the pre-and postmating period (period); additive sex and period (sex þ period); and interaction between sex and period (sex Â period).
We restricted our analysis to the cohorts of individuals born in the reproductive season (August-September to December- Martins et al. 2006b ) of 2000 and 2001 because these were the only cohorts for which we obtained capture-recapture history data from the pre-and postmating period. Furthermore, because of the decrease in the number of adults captured during the postmating period, we restricted our analyses to a time window for which enough individuals of both cohorts were left to estimate the survival and recapture rates. Hence, the capture-recapture history data used to model survival and recapture rates for cohort 2000 were obtained on the basis of 14 months, of which 7 corresponded to the premating period (January- . For both cohorts, the data on all trapping occasions within a given month were pooled to form a single trapping occasion per month. Recapture rates were modeled 1st and then survival rates (Lebreton et al. 1992) . Analyses were done for each cohort separately.
RESULTS
A total of 31 individuals of cohort 2000 (20 males and 11 females) and 33 individuals of cohort 2001 (23 males and 10 females) were captured. Fig. 1 shows the change in numbers with time of males and females of each cohort of G. microtarsus captured during the time window for which the statistical modeling of the capture-recapture history data was done. Although the number of females captured per month is similar between the pre-and postmating periods, the number of males captured per month decreases sharply after the beginning of the breeding season (Fig. 1) .
The goodness of fit of the global model f/ (sex Â period) p (sex Â period) g, assessed using the parametric bootstrap procedure, showed that this model fitted the observed capture-recapture history data of cohorts 2000 and 2001 of G. microtarsus adequately (cohort 2000: P ¼ 0.09; cohort 2001: P ¼ 0.22). Table 1 summarizes the model selection statistics for these 2 cohorts. The best model to describe the survival rates of individuals of both cohorts of G. microtarsus included the interaction of sex and period (Table 1) . As for the recapture rates, the best model included the effect of sex for cohort 2000 and no effects for cohort 2001 (Table 1 ).
The monthly model-averaged survival rate estimates for females of the 2 cohorts were high in both periods (Fig. 2a) . In contrast, monthly model-averaged survival rate estimates for males of the 2 cohorts were higher in the premating period than in the postmating period (Fig. 2a) . Furthermore, in both cohorts, the monthly model-averaged survival rate estimates were similar between males and females in the premating period, but were lower for males than for females in the postmating period (Fig. 2a) . The monthly model-averaged recapture rate estimates of both males and females of any cohort did not differ between the pre-and postmating period (Fig. 2b) .
DISCUSSION
Our results showed that although the monthly survival rate estimates for females remained fairly constant in the pre-and postmating periods, these estimates decreased sharply for males after the beginning of the mating period. However, it cannot be determined directly from this analysis whether the disappearance of males from the trapping grid in the postmating period was caused by death or dispersal because survival rate estimates depend on the probability of survival and the probability of not permanently emigrating out of the trapping grid between sampling occasions (White and Burnham 1999; Williams et al. 2002) . If dispersal explains the loss, then males should simply be dispersing throughout the whole cerradão remnant and the population density within the trapping grid should not change, assuming that emigration is balanced by immigration (Boonstra et al. 2001; Bowler and Benton 2005; Krebs and Boonstra 1978) . Contrary to this expectation, we observed a sharp decrease in the population density in the 3 months after the beginning of the mating period (when the trappable population is composed solely of adults- Martins et al. 2006b ). A similar trend was observed in the number of adult males captured after the beginning of the breeding season (Fig. 1) . Additionally, we observed that 4 males captured in our study in the postmating period showed signs of declining body condition, such as fur loss in the rump and infestation with parasites. Such conditions are usually associated with low probabilities of survival after mating in several marsupials (Bradley 2003; Bradley et al. 1980; Braithwaite and Lee 1979; Cockburn 1997; Oakwood et al. 2001 ). These findings indicate that the low survival rate estimates of male G. microtarsus in the postmating period were indeed attributable to mortality. Postmating mortality in male G. microtarsus demonstrated by the survival rate estimates was nevertheless incomplete, in contrast to semelparous marsupials of the genera Antechinus and Phascogale (Bradley 2003; Cockburn 1997) . In addition, we have direct evidence of 2 marked males in our trapping grid that survived from the 2000 breeding season into the 2001 breeding season. These 2 males represented 18% of the males captured in the trapping grid in the 2001 breeding season, and this percentage is most probably a lower limit on the number of males surviving to a 2nd breeding season. Examination of these demographic data showed that generations were not discrete and that male G. microtarsus did not behave as semelparous in the population studied. The life history of male G. microtarsus, as revealed in our study, is best described as partial semelparity-a condition in which mortality after the 1st mating is high but graded over time, with a fraction of males surviving to a 2nd breeding season (Boonstra 2005) .
Demographic data, including survival rate estimates and direct evidence of survival to a 2nd breeding season, such as that described here for G. microtarsus, are fundamental not only for their consequences on population dynamics (Caswell 2001; Doak et al. 2005; Oli and Dobson 2003) , but also because they satisfy the necessary and sufficient conditions to verify the frequency of breeding in male mammals, that is, the position in the continuum from semelparity to iteroparity. Furthermore, as demonstrated by Boonstra (2005;  see also Boonstra and Boag 1992) , the frequency of breeding in male mammals is associated with different hormonal responses elicited by stress resulting from aggressive behavior during the mating period (Boonstra 2005; Boonstra and Boag 1992) . Semelparous males differ primarily from partially semelparous and iteroparous males in that the negative feedback of the hypothalamo-pituitary-adrenalcortical axis, which modulates the adrenal glucocorticoid stress response, fails to function, whereas in partially semelparous and iteroparous males the normal feedback mechanism remains intact (Boonstra 2005) . On the other hand, contrary to iteroparous males, in semelparous and partially semelparous males the gonadal axis is insensitive to the inhibitory effects of high concentrations of glucocorticoids and the levels of testosterone remain high throughout the mating period (Boonstra 2005) .
Given that we demonstrated demographically that G. microtarsus is partially semelparous, we may predict that the negative feedback system in males of this species remains functional and that the dynamics of the gonadal axis should behave as in semelparous males. However, there is increasing evidence for plasticity and variation in the array of physiological and hormonal responses to stress during the mating season and the frequency of breeding in mammalian males (Boonstra 2005 ; see also Boonstra et al. 2001; Bradley 2003; Woods and Hellgren 2003) . Consequently, the placement of G. microtarsus along the functional stress axis remains to be determined experimentally. Boonstra's (2005) review of the association between the dynamics of the stress axis and the continuum from semelparity to iteroparity establishes a conceptual framework for future research. In this connection, the fundamental problem is to understand how evolution has shaped the demographic and physiological responses of species and populations as a function of endogenous and exogenous factors. Neotropical marsupials, by virtue of their ecological and evolutionary diversity, have the potential to serve as model organisms to contribute to this goal.
RESUMO
A ocorrência de semelparidade foi demonstrada em machos de várias espécies de marsupiais australianos da família Dasyuridae. Embora a semelparidade tenha sido registrada em algumas espécies de marsupiais neotropicais da família Didelphidae, nenhum estudo demonstrou conclusivamente a sua ocorrência baseado em estimativas de sobrevivência de animais marcados em estudos de campo. Neste estudo, nós demonstramos que a taxa de sobrevivência dos machos de um marsupial didelfídeo neotropical, a cuíca Gracilinanus microtarsus, decresce acentuadamente após o início do período reprodutivo em um remanescente de Cerrado. Todavia, a mortalidade dos machos após o acasalamento não é completa e uma pequena porcentagem dos indivíduos sobrevive para se reproduzir novamente em uma segunda estação reprodutiva. Os dados demográficos apresentados neste estudo demonstram de forma conclusiva que G. microtarsus é melhor descrito como semélparo parcial.
ACKNOWLEDGMENTS
We are deeply indebted to E. L. A. Monteiro Filho for helping in the initial stages of this work. J. A. de Oliveira and F. P. Caramaschi identified the gracile mouse opossum. S. U. Neto and V. E. Molina allowed access to Clube Náutico Araraquara and also provided logistical support. N. E. Oliveira and A. P. P. de Gouveia helped with the fieldwork. The critical and insightful comments by P. R. Guimarães, Jr., were greatly appreciated. S. Hyslop reviewed the English of the manuscript. We also are indebted to 2 anonymous reviewers for their comments and suggestions that greatly improved the clarity of the manuscript. EGM is supported by a scholarship from Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP, Brazil) and SFR is partially supported by a research fellowship from Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, Brazil). This research was supported by grants from FAPESP.
